The slit (sli) gene, encoding a secreted glycoprotein, has been demonstrated to play a vital role in axonal guidance in Drosophila melanogaster by acting as a signalling ligand for the robo receptor (Rothberg, J.M., Jacobs, J.R., Goodman, C.S., Artavanis-Tsakonas, S., 1990. slit: an extracellular protein necessary for development of midline glia and commissural axon pathways contains both EGF and LRR domains. Genes Dev. 4, 2169±2187; Kidd, T., Bland, K.S., Goodman, C.S., 1999. Slit is the midline repellent for the robo receptor in Drosophila. Cell 96, 785±794). Multiple homologs of both sli and robo have been identi®ed in vertebrates and are thought to play similar roles to their¯y counterparts in neural development (Brose, K., Bland, K.S., Wang, K.H., Arnott, D., Henzel, W., Goodman, C.S., TessierLavigne, M., Kidd, T., 1999. Slit proteins bind Robo receptors and have an evolutionarily conserved role in repulsive axon guidance. Cell 96, 795±806). Slit2 has been shown to bind Robo1, mediating both neuronal and axonal guidance in the developing central nervous system (CNS), (Brose et al., 1999; Hu, H., 1999. Chemorepulsion of neuronal migration by Slit2 in the developing mammalian forebrain. Neuron 23, 703±711). Importantly, both gene families display distinct expression patterns outside the CNS (Holmes, G.P., Negus, K., Burridge, L., Raman, S., Algar, E., Yamada, T., Little, M.H., 1998. Distinct but overlapping expression patterns of two vertebrate slit homologs implies functional roles in CNS development and organogenesis. Mech. Dev. 79, 57±72; Yuan, W., Zhou, L., Chen, J.H., Wu, J.Y., Rao, Y., Ornitz, D.M., 1999. The mouse SLIT family: secreted ligands for ROBO expressed in patterns that suggest a role in morphogenesis and axon guidance. Dev. Biol. 212, 290±306). Using in situ hybridization on metanephric explant cultures and urogenital tract sections, the expression patterns of Slit1, 2, 3 and Robo1 and 2 were investigated during murine metanephric development. Slit1 was expressed in the metanephric mesenchyme (MM) surrounding the invading ureteric tree (UT). Slit2 was expressed at the tips of the UT and both Slit2 and Slit3 were expressed at the far proximal end of the comma shaped and S-shaped bodies. Expression of Robo1 was initially diffuse throughout the MM, then upregulated in the pretubular aggregates, and maintained at the distal end of the comma and S-shaped bodies. Robo2 was detected in the induced MM surrounding the arborizing UT tips and later in the proximal end of the S-shaped bodies. Coincident expression of Robo1 with Slit1 in the metanephric mesenchyme and Robo2, Slit2 and Slit3 in the far proximal end of the S-shaped bodies was observed during metanephric development. q
Results
Slit and Robo gene expression patterns in the developing murine metanephros were examined using in situ hybridization on whole mounts of kidney explant cultures (1±6 days) and frozen sections of urogenital tracts (13.5±17.5 days post coitum (dpc)). Expression of the kidney proteins WT1 (metanephric mesenchyme, comma and S-shaped bodies) and calbindin (ureteric tree) was also examined in explants and sections using immunohistochemistry. After 1 day in explant culture, Slit1 was expressed diffusely in the MM (Fig. 1A) . As development proceeded, Slit1 was upregulated around the tips of the invading and branching UT, and was maintained around the ureter tips in the nephrogenic zone for up to 6 days in culture (Fig. 1B,C) . Slit1 transcripts were never observed in the UT or the epithelial derivatives of the MM which form the nephron (Fig. 1C) , and levels were too low to detect by section in situ hybridization. In contrast, Slit2 was strongly expressed in the tips of the UT after 1 day in culture (Fig. 1D) , and was detected at the UT tips in the nephrogenic zone as late as 17.5 dpc (Figs. 1E and 2A, C) . The intermediate mesoderm surrounding the metanephros also expressed the Slit2 transcript (Fig. 1D) . From 2 to 6 days in explant culture and in sections of 13.5±17.5 dpc urogenital tracts, expression of Slit2 was also detected in Fig. 1 . Expression patterns of Slit1 (A±C), Slit2 (D±F), Slit3 (G±I), Robo1 (J±L) and Robo2 (M±O) mRNA (blue) revealed by whole mount in situ hybridization of kidney explant cultures using non-radioactively labelled RNA riboprobes. Panels are double labelled with antibodies against Calbindin-D-28K (brown, A,B,G,I,J,N) or WT1 (brown, C±F,K±M,O). Panel H contains mRNA labelling only. (A) Slit1 is expressed diffusely in the metanephric mesenchyme (mm) of 1 day explants. No expression is observed in the ureteric tree (ut). (B) After 3 days culture, Slit1 expression is maintained in the metanephric mesenchyme (mm) around the tips of the ureteric tree (ut). (C) Slit1 expression is maintained in the nephrogenic zone of the metanephric mesenchyme (mm) as late as 6 days in culture. No expression is observed in the developing S-shaped body (s) or ureteric tree (ut). (D) Slit2 expression is detected strongly in the ureteric tree (ut) after 1 day culture, for two to three branch points from the terminal bud. This is similar to the expression pattern of Sox9 (Kent et al., 1996) . Transcripts are also seen in the intermediate mesoderm (im) surrounding the metanephros and in cells surrounding the point at which the ureteric bud branches from the Wolf®an duct (wd, arrowhead). (E) After 3 days culture, Slit2 continues to be expressed in the ureteric tree (ut) for one to two branch points from the terminal bud. the far proximal end of the comma and S-shaped bodies (Figs. 1F and 2B). These cells, which also express the WT1 gene (Pritchard-Jones, 1999) , are the progenitor cells which will differentiate to generate many of the specialized cells in the mature glomerulus. The Slit3 gene was not transcribed in the metanephros during early branching of the UT or during the aggregation and subsequent epithelialization of the MM. Strong expression was observed in the intermediate mesoderm surrounding the metanephros, mesonephros and Wolf®an duct (Fig. 1G) . Following epithelialization of the MM, Slit3 was co-expressed with WT1 by cells at the far proximal end of the comma and S-shaped bodies (Fig.  1H,I ). Slit3 transcript levels were too low to detect by section in situ hybridization. Robo1 was initially expressed diffusely in the MM in 1 day explant cultures (Fig. 1J) , but its expression was strongly upregulated in the pretubular aggregates in older explant cultures (Fig. 1K ). This implies Robo1 may be acting in the pivotal mesenchymal to epithelial transition which characterizes differentiation of the MM. Transcripts were also observed at the distal end of the comma and Sshaped bodies (Figs. 1L and 2D±F ). The second putative Slit receptor, Robo2, was expressed in the MM of the nephrogenic zone surrounding the branching UT (Figs. 1M,N and  2G,H) . Expression of Robo2 in the MM of the nephrogenic zone was observed as late as 17.5 dpc. Robo2 transcripts were also observed in cells at the proximal end of the S-shaped bodies (Figs. 1N,O and 2I ), co-incident with WT1, and overlapping with Slit2 and Slit3. Thus, the developing metanephros displays intricate and often overlapping expression of the Slit and Robo genes (Fig. 3) .
Note: Vertebrate Slit and Robo gene nomenclature in the literature is confusing. The nomenclature used in this paper is explained below. The HUGO nomenclature committee has adopted the nomenclature proposed by Itoh et al. (1998) for the vertebrate slit genes. Hence, Slit1 (formerly mEGF4; Nakayama et al., 1998) refers to the homolog mapped to human chromosome 10q23, Slit2 maps to human chromosome 4p15.2 (Georgas et al., 1999) and Slit3 (formerly mEGF5/Slit2 (Nakayama et al., 1998) or Slit1 (Ban® et al., 1996; Holmes et al., 1998) ) maps to human chromosome 5q35.5 (Nakayama et al., 1998) . Robo1, which maps to human chromosome 3p12, is also referred to in the literature as Dutt1 (Sundaresan et al., 1998) . Robo2 was described by Brose et al. (1999) .
Methods
Metanephric kidney rudiments were isolated from 11.5 dpc embryos of outbred CD1 mice. Rudiments were grown as explants at 5% CO 2 , 378C on 1 mm polycarbonate transwell ®lters (Corning) in MEM supplemented with 10% fetal bovine serum and 20 mM glutamine. Explants were cultured for 1±6 days, the culture medium being changed every second day, then processed for whole mount in situ hybridization. Expression patterns were determined using digoxigenin-labelled sense and antisense riboprobes. Probes were synthesized as described in Holmes et al. (1998) . Probes were not fragmented by alkaline hydrolysis. Probes for Slit1 were synthesized from 3 H rSlit1, an 800 bp fragment of MEGF4 (Nakayama et al., 1998; in pBluescript SK2) . Probes for Slit2 and Slit3 were synthesized as described in Holmes et al. (1998) . Probes for Robo1 were synthesized from prRobo1, a 1 kb fragment of rat Robo1 (in pBluescript SK1), and probes for Robo2 were synthesized from prRobo2, a 1.7 kb fragment of rat Robo2 (in pBluescript SK1). Hybridizations were performed as described by Christiansen et al. (1995) with minor modi®cations. All probes were hybridized at 658C. The post-antibody washes were reduced to 30 min each. Expression patterns were further analyzed on 14 mm frozen sections of mouse urogenital tracts according to the previously described method (Holmes et al., 1998) with minor modi®cations. Hybridizations were performed in 700 ml of pre-hybridization/riboprobe mix without covering the sections with siliconized coverslips. Hybridization and washes were carried out at 658C. Explants and sections were analyzed for protein expression using a Vectastain kit (Vector Laboratories) with anti-human WT1 (Dako, 1/200) or anti-murine Calbindin-D-28K (Sigma, 1/200) antibodies. Protein expression was visualized by incubating in dilute DAB solution (1/ 100 of 50 mg/ml stock in PBS, 10 min), then incubating in the colour reaction solution (1/100 DAB stock 1 1/1000 of 30% stock H 2 O 2 in PBS). Photographs were taken using an Olympus AX70 compound microscope with Kodak Elite Ektachrome 160T colour reversal ®lm. The intermediate mesoderm (im) expresses Slit2 and Slit3. Robo2 is expressed in the mm around the tips of the ut, but is con®ned to the nephrogenic zone and is not observed between established branches. The tips of the ut express Slit2. Slit1 and Robo1 are co-expressed in the mm around the ut. (B) Branching of the ureteric tree (ut) with condensation and subsequent epithelialization of the pretubular aggregates (pa). Robo1 is highly expressed in the pa. Slit1 and Robo2 are expressed around the tree. (C) Formation of comma shaped bodies. The glomerulus will form from the proximal end (p), whilst the distal end (d) will eventually fuse with the collecting duct. Slit2 and 3 are expressed at the proximal end and Robo1 is expressed at the distal end. Robo2 is not expressed. (D) Formation of Sshaped bodies. Expression of Slit2 is coincident with Slit3 at the far proximal end. Robo2 expression is also observed at the proximal end. Robo1 is con®ned to the distal end of these structures.
